SUMMARY
In social interactions, it is highly salient to us where other people are looking. The ability to recover this information is critical to typical social development, helping us to coordinate our attention and behavior with others and understand their intentions and mental states [1] [2] [3] . The depth and direction in which another individual is fixating are specified jointly by their head position, eye deviation, and binocular vergence [4, 5] . It is hereto unknown, however, whether this dynamic visual information about others' focus of attention affects how we ourselves see the world. Here we show that the perceived depth and movement of physical objects in our environment are influenced by others' tracking behavior. This effect occurred even in the presence of conflicting size cues to object location and generalized to the context of apparent motion displays [6] and judgments about causal interactions between moving objects [7] . Perceived object trajectory was modulated primarily by the object-level motion of the tracking agent (e.g., the head), with less-pronounced effects of eye motion and low-level motion. Interestingly, comparable perceptual effects were induced by non-face objects that displayed similar tracking behavior, indicating a mechanism of distal coupling between the motion of the target and an appropriately moving inducer. These results demonstrate that social information can have a fundamental effect on our vision, such that the visual reality constructed in each brain is determined in part by what others see.
RESULTS

Perception of Object Trajectory and Depth
We first examined for an effect of tracking movements on perceived target trajectory in depth. We created animated stimuli in which the focus of an avatar's gaze follows an elliptical trajectory in front of its face (demonstrated in Movie S1; and illustrated schematically in Figure 1A ). The focus of gaze is indicated by head rotation, eye deviation, and binocular vergence. In contrast, the ''veridical'' movement of the target object in the basic condition, indicated by size cues, is in a straight line perpendicular to the observer's direction of view (i.e., with no change in depth relative to the viewer throughout the animation; Movie S1). Many observers experience a compelling visual illusion when watching this animation, wherein the target object appears to move in an elliptical trajectory more consistent with the focus of the avatar's gaze.
To quantify the extent to which gaze cues contribute to perceived depth, we designed a psychophysical task that pitted gaze cues against object size cues. The focus of gaze followed an elliptical trajectory of fixed depth in either the clockwise or counterclockwise direction. The size cues of the target object either followed a straight line (like that shown in Movie S1) or followed an elliptical trajectory of variable depth in a direction that was either congruent or incongruent with the focus of gaze. See Movie S2 for an illustration of how changes in the size of the object disambiguate the direction of motion along the elliptical trajectory. The presence of gaze cues produced a statistically significant shift in the relationship between size cues and perceived target trajectory, in the direction consistent with the trajectory of gaze (illustrated in Figures 1B-1D ; experiments 1 and 2). The magnitude of this shift corresponded to 6%-15% of the depth of the gaze trajectory. This is a strong effect, as size cues of equivalent magnitude, when presented in the absence of gaze cues, produce a robust sense of depth in the veridical direction ( Figures 1B-1D , baseline condition).
Further experiments determined the features of the face stimulus that induced the illusion of target depth (Figure 2 ; experiment 3). Head rotation (with the eyes occluded) produced a strong illusion of depth, similar in magnitude to the full stimulus (effect size = 18.19% [95% confidence interval [CI]: 11.60, 24.06]). Eye movement (within a motionless head) had a notably smaller but still statistically significant effect on the perceived depth of the target (effect size = 3.23% [95% CI: 0.74, 6.22]). When the head and the eyes followed incongruent trajectories (i.e., the head followed a clockwise path, while the eyes followed a counterclockwise path, or vice versa), the perceived trajectory of the target was shifted in the direction consistent with the head (effect size = 10.93% [95% CI: 6.50, 15.69]). This effect appeared lesser in magnitude than when the eye and head cues were congruent, but the comparison between these conditions was not statistically significant at the 95% level. Together, these results implicate head motion as a strong cue to target trajectory, with a lesser, but still tangible, role for eye movement.
When a non-face object was rotated to track the target object in the same manner as the face stimulus (illustrated in Figure 2E ), there was a similar effect on the perceived trajectory of the target (effect size = 16.28% [95% CI: 13.32, 20.11] ). This suggests that the key mechanism behind the perceptual effects is the tracking behavior of the inducer. Previous work has shown that visual perception of object motion is driven in part by an implicit familiarity with the natural interaction of three-dimensional objects; in particular, the mechanical effect of friction between Figure 1 . Effect of Gaze Cues on the Perception of Target Trajectory in Depth (A) A schematic view of the stimulus shown in Movie S1. The focal point of the avatar's gaze follows the path of the black ellipse in either the clockwise or counterclockwise direction. The target object follows the path of the straight red line (in Movie S1), perpendicular to the observer's direction of view. The target object does not change in depth relative to the viewer (as indicated by size cues), but despite this, it is typically perceived as moving in an elliptical path more consistent with the trajectory of gaze. (B) Quantifying the effect of gaze cues on perceived object trajectory. The path of the target object (as indicated by size cues) differed across trials between a straight line and a set of different elliptical paths that were up to 50% of the depth of the gaze trajectory, in either the congruent (positive) or incongruent (negative) direction of travel (see Movie S2). Participants indicated whether the target object was traveling in a clockwise or counterclockwise direction of elliptical motion. Logistic functions were fit to the data by minimizing the sum of squared errors. There was a shift toward more counterclockwise responses compared to baseline when the eyes were following a counterclockwise trajectory and a shift toward more clockwise responses compared to baseline when the eyes were following a clockwise trajectory. To quantify the magnitude of this effect, we calculated the difference between the midpoints of the psychometric function when gaze was clockwise compared to when gaze was counterclockwise and halved this value to get an average effect of gaze trajectory on perceived target depth. Effect size = 12.02% (95% CI: 6.13, 17.90). (C) Within-subjects replication of (B), demonstrating that the illusion persists after extensive experience with the stimuli. Effect size = 15.13% (95% CI: 9.68, 22.13). At the individual level, all subjects differed between the clockwise and counterclockwise conditions in the expected direction at time 1 and time 2. (D) Between-subjects replication of (B), demonstrating that the illusion occurs in a wider pool of subjects. Effect size = 6.35% (95% CI: 2.12, 11.14). The smaller effect size in this sample may reflect different degrees of engagement in the task typical to the sample in experiment 1 (experienced psychophysical observers) and the sample in experiment 2 (undergraduate students). At the individual level, 18 out of 23 subjects differed between the clockwise and counterclockwise conditions in the expected direction. A binomial test confirmed that this is a significantly greater proportion than that expected by chance, p < 0.05 (two-tailed).
objects on their consequent rotation [8] . In the present study, however, the influence of tracking cues on perceived target trajectory still occurred when the background immediately around the target object was removed (effect size = 8.79% [95% CI: 4.42, 12.40]). This indicates that the illusion is not produced simply by motion immediately around the target (such as might underlie a friction effect) but rather by more distal coupling between the target and an inducer that is tracking the target's motion.
In a further experiment designed to assess the contribution of low-level motion to the perceptual effects reported here, we compared the effects of animating convex and concave (B-F) Animation stills and sample data for the head only condition, eyes only condition, head-eyes opposed condition, non-face object condition, and local motion removed condition (experiment 3). n = 5 for each, within subjects. (G) The effect of gaze cues on perceived target trajectory across conditions. FC, full cues (experiment 1); HO, head only; EO, eyes only; HEO, head-eyes opposed; NFO, non-face object; LMR, local motion removed. Asterisk (*) indicates a significant difference between conditions at the 95% level. Data are represented as the half-difference between the midpoints of the psychometric functions in clockwise and counterclockwise conditions with 95% confidence intervals.
non-face objects to track the target (experiment 4). For a given direction of object-level tracking (i.e., when the inducer tracked a clockwise or counterclockwise trajectory of target motion) the direction of low-level motion for convex and concave inducers (i.e., the local motion of the object surface) occurred in opposite directions ( Figure 3 ; Movie S3). Despite this difference in low-level motion, convex and concave inducers produced the same pattern of changes in perceived target trajectory across clockwise and counterclockwise conditions (Figure 3 ; concave inducer, effect size = 13.63% [95% CI: 9.34, 16 .36]; convex inducer, effect size = 20.94% [95% CI: 16.19, 28.03] ). This provides strong evidence that the perceptual effects that we report are not accounted for by lower-level motion processes but rather are best explained in terms of the tracking behavior of the inducer. (D) The effect of the inducer on perceived target trajectory across conditions. Data are represented as the half-difference between the midpoints of the psychometric functions for clockwise and counterclockwise conditions, with 95% confidence intervals. The effect size in the convex non-face object condition was significantly greater than in the concave non-face object condition (* difference = 7.31%, 95% CI: 1.42 15.70), but the effect of the inducer was significantly different from zero in both conditions (and, most importantly, occurred in the same direction in both conditions).
Perception of the Temporal Continuity of Objects
Gaze cues also affected the perception of apparent motion, demonstrated in Movie S4. Perception of intermittently occluded moving objects (e.g., a cat racing behind a picket fence) and motion in successive image displays (e.g., movies) relies on inferences about the correspondence between visual objects over successive moments in time [6] . In a typical apparent motion display (the ''bistable quartet''), the location of two dots on-screen differs between two alternating frames. This produces a vivid sense of the dots moving location between frames, despite the fact that the direction of putative dot motion ought to be ambiguous, as the changed positions of the dots could have resulted from horizontal, vertical, or diagonal motion. Indeed, perception is typically bistable, such that the dots are seen as moving either vertically or horizontally. The perceived direction of motion in the bistable quartet can be biased toward either vertical or horizontal motion by altering the aspect ratio of the competing paths of apparent motion; for instance, a greater vertical separation between the dots promotes perception of horizontal dot motion between frames. In the present experiment, an avatar with gaze focused on one of the dots implied a particular correspondence between the dot locations across frames (i.e., on the assumption that the avatar is looking at the same dot in each frame) and thus implied a particular direction of dot motion (illustrated in Movie S4 and Figure 4A ; experiment 5). We measured the relationship between the perceived direction of apparent motion and the aspect ratio of dot locations and found that the presence of the avatar produced a strong and consistent shift in the psychometric function accordant with the trajectory of dot motion implied by gaze cues (effect size = 0.52 [95% CI: 0.40, 0.68]; Figure 4B ). At the individual level, all subjects differed between the gaze vertical and gaze horizontal conditions in the expected direction.
Perception of Causal Interactions between Objects
Gaze cues also affected the perception of causal interactions between moving objects. In the cross-bounce illusion, two dots moving across the screen can be perceived as either crossing past one another or bouncing off one another (see Movie S5 and Figure 4C ). This instance of bistable motion perception has been exploited to investigate the contribution of contextual cues to the visual perception of object interactions. For instance, the dots vividly appear to bounce off one another when a ricochet sound is heard at the point of contact between the dots [9] . We modified this paradigm by replacing the auditory cues with an on-screen avatar that followed a particular trajectory of dot motion throughout the animation, demonstrated in Movie S5. The perceived trajectory of the dots (''cross'' versus ''bounce'') was bistable in the absence of gaze cues but was biased toward the particular trajectory implied by the gaze cues when they were present (Figures 4D and 4E; experiment 6). Similar to experiment 3, the effect of avatar cues on the perception of target trajectory appeared to relate most prominently to distal coupling between the gross motion of the avatar and the target rather than being attributable to, for example, local background motion around the target ( Figures 4D and 4E ).
DISCUSSION
People tend to look at and track objects in their immediate environment, and the present results suggest that the visual system is sensitive to this regularity in the physical world. In general, the focus of our (own) attention is drawn toward salient aspects of the environment, such as faces, regions with high luminance contrast, and regions that are likely to contain information relevant to our current objectives [10, 11] . Correspondingly, our perception of others' direction of gaze is affected by a priori expectations about the features of the environment that are most likely to draw their attention [12, 13] . For example, we exhibit a bias toward seeing others' gaze as being directed toward us, which becomes increasingly apparent under conditions of greater sensory uncertainty [12] . In this respect, our expectations about what others are likely to be looking at affects our perception of where they are looking. Surprisingly, the present results suggest that the flow of information also goes in the reverse direction, such that where people are looking gives us information about the position and interaction of environmental objects.
The variations that we performed on the main experimental conditions provided insight into the mechanism behind the effect of others' tracking behavior on low-level visual perception. First, the effects of tracking behavior on the perception of target depth (experiments 1-4) and causal interactions (experiment 6) were still present when local background motion around the target (produced by the avatar in the basic experimental conditions) was absent. Second, in experiment 4, we pitted the direction of low-level motion produced by the inducer against the direction of its object-level rotation and found that the direction of perceptual effects was consistent with the latter. Third, a non-face avatar that was rotated to track the target object (in the same manner as the face was rotated in the basic condition) could also induce the illusory effects in these experiments. Together, these results suggest that the mechanism behind these perceptual effects relates to distal coupling between the target and an inducer that is tracking the target's motion.
While the tendency of the non-face avatar to produce the same perceptual effects as face stimuli indicates that face-specific cues (e.g., eye gaze) aren't necessary, there was a social quality to the non-face stimulus in that its motion was actively tracking the position of the target. It has been famously demonstrated that we have a tendency to attribute agency to non-biological objects based on their motion, using animations of simple geometric shapes (e.g., ''the triangle is fighting the square'') [14] . Thus, on the one hand, the perceptual effects reported in the present study might stem from a mechanism that evolved initially for social purposes but that can be recruited by non-human objects that display agent-like behavior; on the other hand, these effects might reflect a more general perceptual mechanism related to coherency of motion between distal objects, but which nonetheless has a particular relevance to social situations (which are perhaps the most obvious exemplar of this type of tracking behavior in nature).
The coherency between the motion of the inducer and that of the target suggests perceptual grouping [15] between these distinct visual elements may be a mechanism behind the effect of the inducer on perceived target trajectory. This points toward an interesting take on gaze perception: that a face and the target it tracks together form a kind of global or Gestalt percept, such that the perception of ''object tracking'' may be a valid avenue for future research. Moreover, as pointed out by an anonymous reviewer, (A) Apparent motion displays that incorporate gaze cues to the direction of apparent motion. The display alternated between the two upper frames or the two lower frames, corresponding to vertical and horizontal shifts in gaze direction, respectively. When gaze cues are absent, the spheres appear to move either vertically or horizontally between frames, and the perception of motion direction tends to be bistable. See Movie S4. (B) In experiment 5, participants indicated whether the spheres were moving vertically or horizontally between frames. The aspect ratio of the sphere positions differed across trials such that there was either greater horizontal separation between the sphere positions (positive log aspect ratio) or greater vertical separation between sphere positions (negative log aspect ratio). This allowed us to quantify the effect of gaze cues on the apparent motion of the target spheres. In the baseline condition, the spheres were shown in the absence of gaze cues; specifically, the avatar was stationary across frames, and its eyes were occluded by sunglasses, similar to that illustrated in Figure 2A , while the position of the spheres differed between frames as usual.
(legend continued on next page) these results suggest a novel function of motion-based grouping in enabling social cues to modulate our perception of visual scenes. It is worth noting that in our experiments, the perceived motion of the target object did not simply ''take on'' the motion that the inducer itself was exhibiting. Typically, the inducer simply rotated in a fixed position, while the target was perceived as following a trajectory in space (e.g., moving laterally and in depth to trace out an elliptical trajectory, in experiments 1-4). Thus, the target took on the trajectory of motion implied by the inducer on the assumption that the latter was tracking the former. Previous research has shown that contextual information can affect the perception of causal interactions between moving objects in a manner that is mediated by perceptual grouping-in particular, that the perceived kinematic interaction between two objects is influenced by the motion of other objects in the scene, where these contextual objects are grouped with the interacting objects via factors like proximity, connectedness, and common motion [16, 17] . The results of experiment 6 build upon this research by demonstrating that the social context (i.e., an avatar tracking one of the target objects) can influence perception of causality.
It is well established that the direction of others' gaze can cue the spatial location of our own visual attention (i.e., ''gaze following''; [1, 18] ). Thus, another mechanism that might contribute to the result of the present study is attentional orienting; that is, shifts in the direction of others' gaze might guide our own attention in a way that influences our perception of the causal interactions or temporal continuity of moving objects.
What do these results suggest about brain function? Even among primates, humans are a uniquely social species, including in how we have evolved to use gaze signals to transmit information between individuals [19] . This entails sophisticated perceptual mechanisms that integrate sensory information concerning others' head orientation, eye deviation, and binocular vergence [4, 20] . Converging data from single-cell recording, lesion, and functional neuroimaging studies implicate the anterior superior temporal sulcus (STS) region of the temporal cortex in the encoding of others' direction of gaze and head position [21, 22] . Gazerelated motion is less well studied, but functional neuroimaging in humans has implicated both anterior and more posterior regions of STS in the perception of eye and head motion [23, 24] . An existing research agenda addresses how these regions function in a network with parietal and frontal areas to enact visual orienting and higher-level social-cognitive processes dependent on others' gaze. A hypothesis suggested by the present findings is that the neural system underpinning gaze perception and sensitivity to others' tracking motion plays a further role in modulating the neural representation of object depth and motion, emphasizing the integrative nature of sensory processing across the brain.
In our social interactions, we routinely assume that the perceptual world that we experience is shared with others. However, what an individual actually sees can depend on their personal genetic makeup [25] and their history of interaction with the environment [26] . Certain features of the brain potentially help to compensate for these differences between people. For instance, joint neural adaptation to a common physical environment may contribute to a sensory code that is consistent between brains despite individual differences in their visual systems [27] . Further, through communication, visual information can be integrated optimally between individuals when making collective judgments about what was seen [28] . In the present study, we find that others' behavior can affect how we see the depth, movement, temporal continuity, and interaction of physical objects in the world around us. This reveals a further way in which a shared perceptual world is achieved: namely, that the social interdependence of our species shapes even our most basic visual awareness.
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(C) In experiment 6, the avatar's gaze either followed the target dot to the opposite side of the screen (implying that the dots crossed) or back to the same side of the screen (implying that the dots bounced off one another). See Movie S5. The images shown are frames 25%, 50%, and 75% into the animation. (D) Participants reported whether the dots appeared to bounce off one another or cross past one another. The cues provided by the avatar differed across a series of conditions (see STAR Methods for details; see Figure S1 in the Supplemental Information for illustrations of each condition). B, baseline; FC, full cues; HO, head only; EO, eyes only; NFO, non-face object; FC-L, full cues with local motion removed; NF-L, non-face object with local motion removed; HEO, head-eyes opposed; MH, multiple heads; CAT, catch trials. In catch trials, the avatar provides no cues to target trajectory, but ''bouncing'' and ''crossing'' trajectories are indicated by dot color. Data are represented as mean ± 1 SEM.
(E) The effect of gaze cues, quantified as the difference in mean responses between when the eyes followed a bounce trajectory compared to when they followed a crossing trajectory, was significant for all but the HEO condition. Error bars indicate 95% confidence intervals.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
In all experiments, the subjects were human adults. All subjects provided written informed consent, and study procedures were approved by the UNSW Human Research Ethics Committee. In Experiments 1 and 3, the sample consisted of the two authors and three naive subjects (3 female, 2 male). Participants were experienced psychophysical observers, and the sample size was selected based on our experience that robust visual phenomena in the context of motion perception and gaze perception tend to be readily apparent in small groups of this nature.
In Experiment 2, the sample consisted of 23 undergraduate students (9 female, 14 male), with a mean age of 22.95 years (SD = 4.54 years). Three additional participants completed the experiment but were excluded from the analysis on the basis of their baseline data, which indicated that they were not completing the task as instructed. The sample size was selected based on our experience that robust visual phenomena in the context of motion perception and gaze perception tend to be readily apparent in groups of 15-20 undergraduate students.
In Experiment 4, the sample consisted of the two authors and three naive subjects (3 female, 2 male). Four of these subjects also participated in Experiments 1 and 3.
In Experiment 5, the sample consisted of 17 undergraduate students (12 female, 5 male), with a mean age of 20.15 years (SD = 2.58 years). Three additional participants completed the experiment but were excluded due to a strong bias in their responding that suggested a lack of perceptual bistability to apparent motion displays and a lack of sensitivity to the basic manipulation of aspect ratio (> 90% 'up/down' responses across the task).
In Experiment 6, the sample consisted of 16 undergraduate students (11 female, 5 male), with a mean age of 20 years (SD = 2.58 years). These were participants who also completed Experiment 5. Four additional participants completed the experiment but were excluded from the analysis due to a strong bias in their responding that suggested a lack of perceptual bistability for the cross-bounce illusion (> 90% 'cross' responses across the task).
METHOD DETAILS Experiment 1 Stimulus generation
Animated stimuli like that presented in Movie S1 were created with a 3D modeling program (Blender 2.70) using textures generated with Face-Gen Modeler 3.5 (adapted from a method described previously [29] ). This method allowed precise control over the rotation of the face and eyes in each image, and the size/location of the target object. By rotating the eyes and head to fixate along a given trajectory, the stimuli were made to contain vergence cues (i.e., the eyes converged and diverged throughout the animation depending on the depth of the current point of fixation) and speed cues (i.e., the face would rotate faster when the fixation point was passing closer to the face compared to when it was passing further away from the face).
Stimuli were presented at approximately life-size, as defined by an inter-pupillary distance of 6.3 cm [30] . The inter-pupillary distance of the stimuli subtended 7.2 visual angle. The avatar differed between six facial identities. The size of the face region on screen (when facing directly forward) had a width subtending [16] [17] visual angle and height subtending 27-30 visual angle, differing slightly between the facial identities. The circular target object had a diameter that ranged between 1.4-1. 8 visual angle throughout the trajectory, depending on its position (see following section). The trajectory that the focus of gaze followed was an ellipse centered 17 cm in front of the face stimulus, with a horizontal radius of 6 cm and a depth radius of 9 cm. Participants viewed the stimuli from a distance of 50 cm, using a chin rest to keep the head stationary. The task was presented using MATLAB Psychtoolbox [31] on a Cambridge Research Systems Display ++ LCD monitor (1920 by 1080 pixels resolution; 28 pixels per cm; 120 Hz refresh rate).
Psychophysical task
The task that participants completed was designed to quantify the effect of gaze cues on the perception of object trajectory. The logic was in part to pit target size cues (indicating movement of the target object in one direction of motion along an elliptical path) against the gaze trajectory of the face stimulus (indicating target movement in the other direction of motion), to find the magnitude of incongruent size cues necessary to nullify the effect of the face stimulus on perceived target depth.
In each trial, the point of fixation of the face stimulus traced the elliptical trajectory (described above) in either the clockwise or counterclockwise direction of motion. The 'veridical' trajectory of the target object was also varied across trials, determining how the size of the object changed throughout the animation. The trajectory of the target object was identical to the gaze trajectory except in the depth dimension. Target object depth was varied across nine steps between À50% and 50% of the depth of the gaze trajectory, where negative values indicate that the target object was traveling around an elliptical path in the opposite direction to the focus of gaze. A depth of 0% corresponded to a straight-line path, which meant no change in the size of the target object throughout the animation. The target object was rendered without shading cues. Each trial consisted of three complete loops of the animation, for a total duration of 3 s. The starting fixation point was randomized across trials.
In each trial, participants made a two-alternative forced choice regarding whether the target object was traveling in the ''clockwise'' or ''counterclockwise'' direction of elliptical motion. Participants were instructed to fixate on a static cross that was presented between the eyes of the face stimulus.
Baseline trials were also included, in which the face was stationary throughout the animation, and the eyes were occluded by opaque sunglasses (as illustrated in Figure 2A ). Thus, size cues to object trajectory were present, but not gaze cues. In total, there were 27 trial types: 3 gaze conditions x 9 target trajectory conditions. Participants completed 12 trials for each condition. Trial order was randomized.
Experiment 2
Design Participants completed the same task as described as in Experiment 1.
Experiment 3 Design
The psychophysical task described for Experiment 1 was performed across a set of further experimental conditions: (i) Head only, in which the head rotated to trace the gaze trajectory, but the eyes were occluded by opaque sunglasses; (ii) Eyes only, in which the eyes rotated to trace the gaze trajectory, but the head was motionless; (iii) Non-face object, in which the face stimulus was replaced with a textured cylinder, which was rotated to trace the gaze trajectory; (iv) Local motion removed, in which the stimulus was the same as in the non-face object condition, except that a horizontal strip of the object was removed such that the target object traveled across a plain, motionless background; and (v) Head-eyes opposed, in which the eyes traced the gaze trajectory in the opposite direction to the head (i.e., the head rotated to trace the gaze trajectory in the clockwise direction, while the eyes rotated to trace the gaze trajectory in the counterclockwise direction, or vice versa). Participants completed all procedures in a repeated-measures design.
The size of the face stimuli and target object was the same as noted for Experiment 1. The non-face stimuli had width subtending 18 visual angle and height subtending 27 visual angle, when facing directly forward. The horizontal strip of texture removed from the non-face stimulus in the Local motion removed condition had height subtending 4.6 visual angle and extended the full horizontal width of the object. Results of within-subjects comparisons In Experiment 1, each participant completed the full cues condition twice, and these were averaged before being compared to the other conditions. The effect of gaze in the averaged full cues condition differed significantly from the head only condition (difference = À4.44, 95% CI: À5.99, À1.77) and the eyes only condition (difference = 10.52, 95% CI: 6.76, 15.48), but did not differ significantly from the non-face object condition (difference = À2.53, 95% CI: À5.52, 0.72) or the head-eyes opposed condition (difference = 2.82, 95% CI: À1.22, 7.30). The non-face object condition differed significantly from the local motion removed condition (difference = 7.50, 95% CI: 5.16, 9.55).
Experiment 4 Design
The psychophysical task described for Experiment 1 was performed in two further experimental conditions. These conditions were designed to further elucidate the role of low-level motion in producing the visual effects observed in Experiments 1-3. Specifically, the non-face object condition in Experiment 3 (illustrated in Figure 2E ) was performed again in two variations. The two conditions were a (i) Convex non-face object condition, in which a convex half-cylinder was rotated to track the object, and a (ii) Concave non-face object condition, in which a concave half-cylinder was rotated to track the target object. The stimuli for these two conditions are illustrated in Figure 3 , and depicted side by side for comparison in Movie S3. The convex non-face object condition was a replication of the non-face object condition in Experiment 3, as the visible surface of the cylindrical object in these stimuli were identical. The reason for comparing concave and convex objects was to maintain the object-level motion of the stimuli, while varying the low-level motion. When convex and concave objects rotate to track the target object, the same direction of object rotation (e.g., leftward to track a leftward moving dot) is associated with opposite directions of low-level motion on the object's surface from the viewer's perspective (i.e., leftward low-level motion for the convex object and rightward low-level motion for the concave object). This is illustrated schematically in Figure 3 . This allows us to test two alternative hypotheses: (i) if the inducer effects perceived target trajectory via low-level motion, the convex and concave objects should produce opposite directions of perceptual effects for a given direction of object rotation (i.e., when tracking clockwise or counterclockwise trajectories), or (ii) if the inducer effects perceived target trajectory via objectlevel motion, the convex and concave objects should produce the same direction of perceptual effects for a given direction of object rotation. Participants completed all procedures in a repeated-measures design.
Experiment 5 Design
The task was designed to assess the influence of gaze cues on the apparent motion of a target object. Two spheres were presented on screen, and varied in position across two alternating frames. This type of animation tends to produce the perception of either vertical or horizontal motion of the spheres [6] . We included an avatar with its gaze focused on one of the two spheres in each frame, indicated by the head rotation, eye direction, and eye vergence of the avatar. In a given trial, the focus of the avatar's gaze differed between the two frames in either the vertical or horizontal direction, implying a corresponding shift in gaze direction (illustrated in Figure 4A and Movie S4). On the assumption that the avatar is looking at the same target sphere in each frame of the animation, this shift in gaze implies a corresponding direction of sphere motion.
Using a similar logic to Experiment 1, we pitted the effect of gaze cues against a different and well-established cue to the direction of apparent motion. Namely, the aspect ratio of the dot positions modulates the tendency to perceive either vertical or horizontal motion in apparent motion displays. For instance, as the vertical distance between the dots increases, observers tend to see the dots as moving horizontally between frames rather than vertically. We varied aspect ratio by increasing either the vertical distance or the horizontal distance between the sphere positions, from a midpoint in which the horizontal and vertical distances between spheres were equal. Aspect ratio was varied in 9 logarithmic steps between 2.5:1 and 1:2.5, using a base on-screen distance of approximately 7 cm.
Each frame of the apparent motion display was presented for 0.5 s, and each trial consisted of four complete loops of the animation, for a total duration of 4 s. In each trial, participants made a two-alternative forced choice regarding whether the target objects were moving vertically or horizontally. Baseline trials were also included, in which the face was stationary throughout the animation, and the eyes were occluded by opaque sunglasses. In total, there were 27 trial types: 3 gaze conditions x 9 aspect ratio conditions. Participants completed 12 trials for each condition. Trial order was randomized. Participants were instructed to fixate on a static cross that was presented in the center of the screen.
The size of the face region on screen (when facing directly forward) had a width subtending 16-17 visual angle and height subtending [27] [28] [29] [30] visual angle, differing slightly between facial identities. The spherical target objects had diameter subtending 3. 4 visual angle.
Experiment 6 Design
The task was designed to assess the influence of gaze cues on the perception of causal interactions between moving objects. The task was a variation of the cross-bounce illusion, in which two moving dots can be perceived to either bounce off one another or cross through one another [9] . We modified this paradigm by including an avatar that focused its gaze on one of the two moving dots throughout the animation. The focus of the avatar's gaze was indicated by head rotation, eye direction, and eye vergence. In each trial, the avatar's gaze followed either a 'bouncing' trajectory or a 'crossing' trajectory (illustrated in Figure 4C and Movie S5). Participants were asked to focus on one of the two dots, and in each trial made a two-alternative forced choice regarding whether the target dot crossed to the opposite side of the screen, or bounced back to the same side of the screen.
Each trial consisted of a single play-through of the animation, lasting 1 s. As with Experiment 3, several different conditions were included with different types of avatar cues present. These were: (i) Full cues, (ii) Head only, (iii) Eyes only, (iv) Non-face object, (v) Full cues with local motion removed, in which the avatar was presented in the upper-center of the screen such that there was no overlap between the path of the dots and the avatar, (vi) Non-face object with local motion removed, (vii) Head-eyes opposed, in which the head motion tracked the 'bounce' trajectory while the eyes tracked the 'cross' trajectory, or vice versa, (viii) Multiple heads, in which two avatars were presented on screen, separated horizontally from one another, and both tracking the same dot trajectory, (ix) Baseline, in which the face was stationary throughout the animation, and the eyes were occluded by opaque sunglasses, and (x) Catch trials, in which the two dots were colored differently such that there was an explicit cue to the trajectory of the dots that was unrelated to gaze. In catch trials, the avatar behaved the same as that in baseline trials, such that there were no gaze cues present. See Figure S1 in Supplemental Information for illustrations of each condition.
Conditions i-viii were completed for sub-conditions in which the trajectory of motion implied by the avatar either 'crossed' or 'bounced'. Catch trials were also presented for both 'cross' and 'bounce' trajectories of target motion. Participants completed 12 trials for each condition. The specific dot that the avatar tracked (of the two presented on screen) was balanced across trials.
Trial order was randomized. Participants were instructed to fixate on a static cross that was presented in the center of the screen.
The size of the face region on screen (when facing directly forward) had a width subtending 14-15 visual angle and height subtending [24] [25] visual angle, differing slightly between the facial identities. In the Full cues with local motion removed condition, the face region had width subtending 8.8-9.8 visual angle and height subtending 17-18 visual angle. The moving dots had diameter subtending 1.8 visual angle. The non-face object had a width subtending 17 visual angle and height subtending 23 visual angle. In the Non-face object with local motion removed condition, the non-face object had a width subtending 11 visual angle and height subtending 16 visual angle. In the Multiple heads condition, the two face regions each had width subtending 10-12 visual angle and height subtending 19 visual angle, and were separated by a gap subtending approximately 6 visual angle.
QUANTIFICATION AND STATISTICAL ANALYSIS Experiments 1 and 2
As described in Figure 1 , we quantify the effect of the avatar's tracking behavior by calculating the difference between the midpoints of the psychometric functions when the avatar tracked a clockwise trajectory compared to when it tracked an counterclockwise trajectory. Psychometric functions were fit to the data averaged across the sample. 95% confidence intervals on the effect of tracking behavior were calculated by bootstrapping across participants (i.e., resampling a new set of participants with replacement, then recalculating the sample average for each condition, refitting the psychometric functions to this data, and again computing the difference in midpoints between the clockwise and counterclockwise conditions). Bootstrapping was performed with 1000 iterations.
Experiments 3 and 4
For each condition, 95% confidence intervals on the effect of gaze were calculated by bootstrapping across participants as described for Experiments 1 and 2. To compare the effect of gaze between conditions (and to the data from the same subjects in the Full cues condition collected in Experiment 1), within-subjects 95% confidence intervals on the difference between conditions were calculated by bootstrapping across participants, performed with 10,000 iterations.
Experiment 5
Similar to Experiments 1-4, we calculated the difference between the midpoints of the psychometric function when gaze translated up/down compared to when gaze translated left/right, and halved this value to get an average effect of gaze cues on perceived target motion. For each condition, 95% confidence intervals on the effect of gaze were calculated by bootstrapping across participants (i.e., resampling with replacement), performed with 1000 iterations, as described for Experiments 1 and 2.
Experiment 6
For each avatar condition, we calculated the difference between the mean proportion of 'bounce' responses when avatar cues implied a 'bounce' trajectory and when avatar cues implied a 'cross' trajectory, and halved this value to get an average effect of gaze cues on perceived target trajectory. For each condition, 95% confidence intervals on the effect of gaze were calculated by bootstrapping across participants (i.e., resampling with replacement), performed with 1000 iterations.
